The objective was to estimate genetic parameters and fit lactation curves for cows treated or not treated with bovine somatotropin (bST) and fit specific lactation curves for each animal for both random genetic and permanent environmental components from individual test-day milk, fat, and protein yields with a cubic spline model. A total of70,752 test-day observations 
protein yield. Estimates of phenotypic correlations between test-days ranged from 0.67 to 0.27 for milk yield, 0.52 to 0.16 for fat yield, and 0.60 to 0.19 for protein yield. Differences between bST treated and untreated cows of2 to 4 kg and 0.10 to 0.16 kg for milk and fat yields (smaller for protein yield) at day 90 were maintained until about day 305 of lactation.
Introduction
There has been a growing interest of changing the data used for genetic evaluation of dairy cattle from combined 305-day mature equivalent lactation yields to test-day yields. The new analysis would use several daily measurements on an individual cow over the course of the lactation, usually taken once a month (test-day). The advantages of test-day models (TDM) compared with traditional models used with 305-day lactation yields are direct adjustments for fixed effects on the day the records are collected and that end-of-Iactation yields do not need to be extended for culled cows or for cows with records in-progress. The disadvantages ofTDM are that more records need to be analyzed and that models tend to be more complex which have more parameters to be estimated than with traditional models.
Various models have been proposed for analysis of test-day records. An earlier proposal was to use a multiple-trait model, with each test-day record on an individual cow treated as a separate trait. The major disadvantage was that this model was computationally unfeasible for national evaluations. Another model proposed was a two-step TDM (Wiggans and Goddard, 1997) . In step one, the test-day records are adjusted for known environmental effects, such as age, season, year, stage of lactation, location, and milking frequency, using a fixed effects model.
The residuals from this model for a cow during lactation are combined into one lactation record and analyzed as a single trait.
Another set ofTDM was based on incorporating the lactation curve into the analysis with some sort of curve fitting method. The first such TDM used fixed regressions to fit overall lactation curve using regression coefficients that are nested within classes of fixed effects. The traditional additive genetic and permanent environmental random effects are assumed to have constant variances throughout the lactation. Correlations between yields at different days in milk were assumed to be the same regardless oftime elapsing between days oftest-day measures. The assumption that the variances are homogeneous throughout the lactation is difficult to justify.
Another type ofTDM was developed to include both fixed and random regressions (Henderson Jr., 1982; Schaeffer and Dekkers, 1994) . With such models, the shape of the lactation curve is modeled as a function of fixed effects and random genetic and permanent environmental effects associated with a cow are modeled as deviations from the fixed curve. This type of model can accommodate heterogeneous additive genetic and permanent environmental variances over the course of the lactation and correlations between yields at different days in the lactation can be less than one and can be different for different pairs of days.
The covariates used in the regression part ofTDM are usually functions of days in lactation where the measurement was made. Ptak and Schaeffer (1993) used various combinations oflinear, quadratic, and logarithmic functions of days as covariates. Other authors developed functions, for example Wilmink (1987) , that model lactation curves based on the biology of lactation. Polynomials, such as orthogonal Legendre polynomials, have also been presented as general covariates for fitting the lactation curve (Jamrozik and Schaeffer, 1997; Meyer and Hill, 1997) . White et al. (1999) described a method of using smoothing cubic splines to model the lactation curve using TD records. The method consists of fitting a series of cubic polynomials that are continuous and centered through knots, which separate days in lactation into intervals. Spline models are flexible and only four (co )variance parameters need to be estimated compared to polynomials, which require O.5q( q+ I) (co )variances parameters to be estimated for each random function where q is the order of the polynomial.
The objective of this study was to measure the response in lactation yield for first lactation Holstein cows treated with bovine somatotropin (bST), growth hormone used to stimulate milk production compared with untreated cows by fitting the mean lactation curves with a cubic spline model and to estimate genetic parameters for test-day yields within the lactation.
Materials and Methods
First lactation test-day yields of Holstein cows were obtained from Dairy Records Management Systems of Raleigh, North Carolina. The original data consisted of2.5 million lactation records from Dairy Herd Improvement (DHI) herds throughout the United States. In 1994 DHI began recording of whether cows were treated with bST, POSILAC produced by Monsanto Co. Each test-day record was coded whether or not the cow was or was not treated with bST. The bST treatment is administrated subcutaneously every two weeks and usually begins by the ninth week of lactation. To compare cows with and without bST treatment, only herds in which at least half of the cows received bST treatment were included in the analysis.
Each cow was required to have a lactation of at least 305-day with two times a day milking and with at least eight test-day records during the first lactation. The data set after edits comprised milk, fat, and protein, with 70,752 test-day records for untreated cows and 73,387 test-day records for cows treated with bST .
Cubic spline Model
A single trait cubic spline model was used to fit fixed effects lactation curves and deviations for each animal for both random genetic and permanent environmental components.
The cubic spline model consists of a series of piecewise cubic polynomials that are defined on each of the intervals for days in lactation. The model is constrained so that cubic spline function and its first two derivatives are continuous at the knots (breakpoints) over the course of the interval (White et aI., 1999) . For q knots, the piecewise cubic spline function on an interval Xj ~ t ~ Xj+!, (j = 1, ... , q-l), is represented by:
where t is the actual day of measurement within an interval Xj ~ t ~ Xj+!, gj and gj+! are linear coefficients, and Vj and Vj+! are cubic spline coefficients. The first term produces a linear interpolation between the knots. The second term represents a cubic deviation, which vanishes at the knots. The spline function (1) can be written in matrix notation as
The coefficients (gj, Vj) of cubic spline satisfy the q-2 constraints
X j+l -X j (j = 2, ... ,q-l), which ensure the continuity of the first derivate (White et aI., 1999 constraints in (2) in matrix notation are QTg = Rv, which satisfies the condition for natural cubic splines. Let hj = Xj+1 -Xj, then elements ofQ with dimensions of q x (q-2) are ~-I,j = hj_I-I , ~J =-
hj_I-I -h/, and ~+IJ = hj-I all for j = 2, ... , q-l. The elements ofR with dimensions (q-2) x (q-2) are rj,j = (1I3)(hj_l + hj) for j = 2, ... , q-l and rj,j+1 = rj+IJ = (1/6)(hj) for j = 2, ... , q-2. All other elements of Q and R are zero. Verbyla et al. (1999) and White et al. (1999) demonstrated how to incorporate the natural cubic spline into the standard mixed model when the knots are determined before the analysis. White et al. (1999) showed that (2) could be written for the constraints as 
where y is a vector of test-day milk, fat, or protein yields. The component ~ is a vector of fixed effects including fixed regressions coefficients and X is the incidence matrix for the fixed effects, which are cows treated or not treated with bST, herd x test-day, covariate of age at the beginning of lactation, and covariate of day in milk for each test-day record. The random effects and Zpe are covariate matrices for overall spline, animal genetic, and permanent environmental spline effects based on the number of predetermined knots. From equation (4) with b and v independent, the random effects are defined as
The predetermined knots were at days 0, 50, 135,220, and 305. The ASREML program was used to estimate effects ofbST for milk, fat, and protein yields after convergence of estimates of the (co )variance components (Gilmour et aI., 1997).
Results and Discussion
Estimates of genetic, permanent environmental, and phenotypic variances and heritabilities for milk, fat, and protein yield are in Table 1 studies reviewed (Misztal et aI., 2000) . Estimates of heritability for fat yield ranged from 0.06 to 0.10 and protein yield ranged from 0.08 to 0.15 over the course of the lactation. The general pattern of the heritability estimates was similar to those reported for milk yield.
Estimates of genetic and phenotypic correlations among test-days for midpoints of the intervals for milk, fat, and protein yields are in Tables 2, 3, Figures 1, 2, and 3 show the mean lactation curves for treated and untreated bST cows for milk, fat, and protein yields. The cubic spline model provided considerable flexibility in fitting the lactation curve for the three yield traits. The lactation curve for milk yield showed a rapid increase in production to about day 60 and followed by a steady decline. The difference between treated and untreated bST cows was 2 to 4 kg, which was maintained from day 90 to day 305.
The lactation curves for fat yield were little differences for untreated cows and treated cows. The 0.10 to 0.16 kg difference between treated and untreated cows was maintained from day 90 to day 280. Differences between treated and untreated bST cows were small for protein yield. 
Conclusions
The cubic spline model provided flexibility for estimated genetic parameters and fitting lactation curves from test-day yields. Estimates of heritability increased over with days in lactation. Estimates of genetic and phenotypic correlations decreased as days between when yields were measured. Lactation curves calculated from cubic spline were different between treated and untreated bST cows. Cubic spline models could also be used for other types of longitudinal data that have non-linear curves, such as growth from birth to maturity.
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